Escalated or abnormal aggression induced by early adverse experiences is a growing issue of social concern and urges the development of effective treatment strategies. Here we report that synergistic interactions between psychosocial and biological factors specifically ameliorate escalated aggression induced by early adverse experiences. Rats reared in isolation from weaning until early adulthood showed abnormal forms of aggression and social deficits that were temporarily ameliorated by re-socialization, but aggression again escalated in a novel environment. We demonstrate that when re-socialization was combined with the antidepressant fluoxetine, which has been shown to reactivate juvenile-like state of plasticity, escalated aggression was greatly attenuated, while neither treatment alone was effective. Early isolation induced a permanent, re-socialization-resistant reduction in Bdnf expression in the amygdala and the infralimbic cortex. Only the combined treatment of fluoxetine and re-socialization was able to recover Bdnf expression via epigenetic regulation. Moreover, the behavior improvement after the combined treatment was dependent on TrkB activity. Combined treatment specifically strengthened the input from the ventral hippocampus to the mPFC, suggesting that this pathway is an important mediator of the beneficial behavioral effects of the combined psychosocial and pharmacological treatment of abnormal aggression. Our findings suggest that synergy between pharmacological induction of plasticity and psychosocial rehabilitation could enhance the efficacy of therapies for pathological aggression.
INTRODUCTION
Violence and crime are strongly associated with early-life adversities and social neglect during sensitive periods of early life. Although receiving little public attention, early social neglect can be even more detrimental to children than sexual or physical abuse (Gilbert et al, 2009) . Although aggression-related disorders recurrently associated with early stressors do respond to psychotherapy and pharmacotherapy, their efficacy is rather modest, which makes the development of novel treatment strategies imperative (Coccaro et al, 2009; Society, 2013; Woolfenden et al, 2001) .
Previously, we established the model post-weaning social isolation to approximate early social neglect (Toth et al, 2008; Toth et al, 2011) and showed that this model can be used to investigate the mechanisms underlying early adversity-induced aggression and to explore novel possibilities of intervention (Sandi and Haller, 2015) . Rats submitted to this model deliver substantially more biting attacks to opponents than controls do and, in addition, attacks are preferentially aimed at vulnerable body parts of opponents (head, throat, and belly; Toth et al, 2008; Toth et al, 2011) . This behavioral profile is consistent with that characterized in recent literature as escalated or abnormal aggression, and is believed to model aggression-related psychopathologies under laboratory conditions (Miczek et al, 2013) . Re-socialization, a laboratory model for behavioral therapy (Miczek et al, 2013) , fails to correct the post-weaning social isolation-induced escalation of aggression, confirming the assumption that this paradigm induces long-term changes in emotional processing (Pascual et al, 2006; Wright et al, 1991) . These findings suggest that the treatment of developmentally induced aggression problems requires novel approaches.
Sensitive periods of postnatal organization of brain connectivity have been most thoroughly studied in the mammalian sensory systems. In the primary visual cortex, monocular deprivation during the juvenile critical period brings about a drastic loss of responsiveness to stimulation through the deprived eye, whereas no effects on ocular dominance are seen when deprivation takes place after the closure of the sensitive period (Hubel et al, 1977) . Recent findings suggest that juvenile-like sensitive periods can be reactivated in the adult brain by several means (Bavelier et al, 2010; Sale et al, 2009) . Specifically, the antidepressant fluoxetine has been shown to reactivate a critical periodlike plasticity in the visual cortex (Maya Vetencourt et al, 2008) and in the fear circuitry (Karpova et al, 2011) . Fluoxetine treatment brings about functional changes when it is combined with environmental manipulations, such as monocular deprivation and fear extinction, but not when the drug is given alone.
Here we hypothesized that the inefficacy of re-socialization in post-weaning social isolation-induced aggression might reflect a closure of early sensitivity period for social learning. We have taken advantage of the possibility to reopen sensitivity periods of heightened plasticity by fluoxetine treatment to test whether juvenile-like plasticity might enhance receptiveness to novel social experiences and thereby allow re-socialization to achieve long-lasting restorative effects. We have further hypothesized that epigenetic changes in the expression of key genes may underlie the closure of critical periods. Brain-derived neurotrophic factor Bdnf has a critical role in neuronal plasticity (Karpova et al, 2011; Maya Vetencourt et al, 2008) and neuronal network structural remodeling (Guirado et al, 2014) induced by fluoxetine. To provide more insight into potential mechanisms by which the anti-aggression treatment exerts its favorable effects, we investigated the expression of activity-dependent Bdnf transcripts 1 and 4 in the aggression circuitry (Siegel et al, 2007) : the infralimbic (IL) and prelimbic (PrL) areas of the medial prefrontal cortex (mPFC), the medial (MeA) and central (CeA) amygdala, the hypothalamic attack area, and the lateral hypothalamus (LH). The lack of Bdnf variant transcribed from promoter 1 enhances aggression in mice (Maynard et al, 2016) , whereas promoter 4-driven Bdnf transcript is critical for plasticity in the prefrontal cortex (Sakata et al, 2009 ). Furthermore, we studied the network structural remodeling in the main areas of the aggression circuitry, especially focusing on parvalbumin-containing interneurons encased by perineuronal nets (PV-PNN neurons), since previous studies have implicated these neurons as regulators of juvenile-like plasticity (Karpova et al, 2011) .
MATERIALS AND METHODS

Animals
We studied male Wistar rats (Charles-River) from the breeding facility of the Institute of Experimental Medicine (Budapest, Hungary). Food and water were available ad libitum. Rats were maintained at temperature 22 ± 1°C and relative humidity 60 ± 10%, in a light cycle of 12 : 12 h (lights off at 0800 hours). After weaning at the age of 21 days, rats were randomly assigned to social or isolation rearing in cages measuring 42 × 26 × 19 cm. When socially housed rats reached the weight of 200 g, they were moved to Makrolon cages measuring 60 × 38 × 19 cm. The weight of subjects was 400-450 g at the age of 11 weeks, when behavioral testing started. In resident-intruder tests, we used male intruders coming from the same source and weighing ≈300 g. These rats were housed in groups of six but otherwise maintained under similar conditions. Intruders were used twice; their pairing with residents was randomized such that no resident encountered the same intruder twice. All experiments were carried out in accordance with the European Communities Council Directive of November 24, 1986 (86/609/EEC) and reviewed and approved by the Animal Welfare Committee of the Institute of Experimental Medicine.
Experimental Design
Post-weaning social isolation and first testing for aggressiveness. Upon weaning, pups were either maintained in individual cages for 8 weeks (post-weaning social isolation; N = 80) or in social groups of four males (social rearing, N = 40). To eliminate litter effects, males from all litters were randomly assigned to social or isolation rearing. The members of socially reared groups came from different litters. To check for the behavioral effects of post-weaning social isolation, rats were tested for aggressiveness in the first resident-intruder test (Test1) on the eighth post weaning (eleventh postnatal) week.
Re-socialization and pharmacological treatment. After the first resident-intruder test (Test1), isolation-reared rats were either returned to their individual cages (isolation; N = 40) or were introduced into social groups of four isolation-reared rats (re-socialization; N = 40). Half of both groups, isolated and re-socialized, were treated with fluoxetine, whereas the other half served as controls for pharmacological treatment and received normal drinking water. Fluoxetine (fluoxetine hydrochloride; Sigma-Aldrich, Budapest) was administered in drinking water at the concentration 0.2 mg/ml. On the basis of regularly recorded fluid intakes and body weights, the average fluoxetine intake was 5.9 ± 0.1 mg/day/rat (~14 mg/kg). Under similar conditions, fluoxetine significantly increased neural plasticity in rats (Maya Vetencourt et al, 2008; Tiraboschi et al, 2013) . Fluoxetine was added to drinking water after the 1-h-long observation period, ie, it did not influence behavior right after re-socialization. Together, the following four treatment groups were studied: (1) 'Isolation'; maintained in isolation after the first resident-intruder test (Test1), no fluoxetine treatment; (2) 'Re-socialization'; re-socialized after Test1, no fluoxetine treatment; (3) 'Isolation+fluoxetine'; maintained in isolation after Test1, fluoxetine treatment; (4) 'Re-socialization+fluoxetine'; re-socialized after Test1, fluoxetine treatment. Re-socialization and fluoxetine administration lasted for 3 weeks. The social behavior in newly formed groups (Re-socialization and Re-socialization+ fluoxetine) was monitored throughout.
Socially reared rats were regrouped after Test1 in a way that at least two rats in the newly formed groups were unfamiliar to each other. This procedure mimicked re-socialization of isolation-reared rats. Half of socially reared rats were treated with fluoxetine, which resulted in two groups: (1) 'Regrouping'; regrouped after Test1 and (2) 'Regrouping+fluoxetine'; regrouped and treated with fluoxetine. These groups served as controls for evaluating behavioral and molecular changes observed in rats reared in social isolation. They were killed at the end of the treatment period, in alternation with isolation-reared rats.
Experimental Procedures
The resident-intruder test. Rats were transferred into individual cages (22 × 38 × 28 cm) for 3 days prior to testing to allow for the emergence of territorial behavior. The test consisted in placing a smaller intruder into the subject's home cage for 20 min in the early hours of the dark period under dim red illumination (provided by two 40 W red bulbs placed on the ceiling of the experimental room). Behavior was video-recorded and later analyzed at low speed, frameby-frame when necessary, by an experimenter blind to treatments. We recorded the number of biting attacks, their intensity, and targets on the body of opponents according to screening protocols published earlier (Toth et al, 2008; Toth et al, 2011 ; also see Supplementary Information). Attack counts and their intensity were used to characterize the level of aggressiveness, whereas attack targeting toward vulnerable parts was used to differentiate normal (speciesspecific) from abnormal attacks (Miczek et al, 2013) .
Molecular analysis of Bdnf expression. Genomic DNA was purified in parallel with total RNA from the same tissue punches. The tissues were homogenized in the lysis buffer, and each lysate sample was immediately divided into two portions and processed: one for RNA analysis by reverse-transcription real-time PCR and the other for DNA purification and methylation analysis by pyrosequencing (see detailed protocols in Supplementary Information).
Surgery and in vivo injection of TrkB drugs. Following the resident-intruder Test 1, isolation-reared rats were submitted to either re-socialization alone (Re-socialization) or combined with fluoxetine (Re-socialization+fluoxetine). One week before the second resident-intruder test, the cannulas were bilaterally implanted to target the IL cortex. The activator of TrkB signaling 7,8-Dihydroxyflavone (DHF, 1 pM/side), TrkB antagonist ANA-12 (0.1 pM/side), or vehicle (saline with 0.02% DMSO) were bilaterally microinjected in a volume of 100 nl/side through the cannulas 26, 14, and 2 h before the second resident-intruder test (Test 2; see detailed protocols in Supplementary Information). The following groups of rats were used: 'Re-socialization +vehicle' (N = 7), 'Re-socialization+fluoxetine+vehicle' (N = 8), 'Re-socialization+DHF' (N = 7), and 'Re-socialization+fluox-etine+ANA-12' (N = 8). During the resident-intruder Test 2, the main parameter of abnormal aggression, the share of vulnerable bites, was tested. Additional rats from 'Resocialization' (N = 6) and 'Re-socialization+fluoxetine' (N = 6) groups were not subjected to surgery and served as a control for the potential effect of surgery per se. Because the behavioral outcome of the groups not subjected to surgery and stereotaxically injected with vehicle were not significantly different, the groups were combined for statistical analysis and presentation on Figure 3 .
Connectivity analysis, PV, and PNN expression. Nanoinjections of the retrograde tracer cholera toxin B subunit (CTb, Life Technologies, USA) were administered into the mPFC of rats deeply anesthetized by a mixture of ketamine, xylazine, and promethazinium chloratum. After 1 week, brains were sampled, cut into 60 μm sections and CTb expression, and was visualized by immunohistochemical detection in brain regions where significant labeling occurred, and which have important roles in behaviorrelated prefrontal information processing, eg, the basolateral amygdala, hippocampus, and ventromedial and mediodorsal thalamus. The brains from the rats with a clear injection site of similar size between rats were analyzed. To correct for the inter-rat variability in the number of labeled cells, the input cell number in each region was normalized to the total input cell number. PV-PNN expression was investigated in the same brains by free-floating fluorescence immunohistochemistry. PV-PNN neurons were studied in the mPFC, hippocampus, and basolateral amygdala, ie, in brain regions that have a role either in the control of aggression or strongly influence prefrontal information processing and where both PV-containing interneurons and PNN were expressed (see detailed protocols in Supplementary Information).
Statistical Analysis
Values shown in text, table, and figures represent the mean ± SEM. Main effects were studied by factorial or repeated-measures ANOVA as shown in text. When necessary, behavioral findings were square-root-transformed to fulfill ANOVA requirements. Post hoc analysis was made by the Duncan test unless otherwise stated. The regression analysis was done using a StatSoft 12.0 software. The comparison between the treatment groups and a socially reared group was done by two-tailed unpaired t-test. P-values lower than 0.05 were considered statistically significant.
RESULTS
Post-Weaning Social Isolation Induces Abnormal Forms of Aggression in the Resident-Intruder Test
To study the impact of early social isolation on aggression, we performed a first resident-intruder test (Test 1). In line with earlier observations, the 8-week-long post-weaning social isolation led to escalated aggression as compared to socially reared rats. Particularly, rats reared in social isolation delivered more bites (F(1,121) = 25.21; po0.0001) and targeted more bites toward vulnerable body parts of opponents (head, throat, belly; F(1,121) = 12.19; po0.001; Figure 1a ). Moreover, the number of bites delivered shifted from less to more damaging hard bites in isolation-reared rats as compared to socially reared rats (interaction rearing × bite type; F(2,242) = 4.23; po0.05; Figure 1a , right-hand panel; see Supplementary Information for the description of attack types).
Post-Weaning Social Isolation-Reared Rats are Capable of Social Learning
Subsequent to the resident-intruder Test 1, rats reared in social isolation were either housed individually or were introduced into social groups for 3 weeks (re-socialization), and the groups were further subdivided according to fluoxetine treatment. During the first hour of re-socialization of isolation-reared rats and re-grouping of socially reared rats, bite counts and offensive threats were similar (Supplementary Figure S1 ). In the same period, assertive aspects of social behavior decreased in isolation-reared rats, as shown by decreased propensity to show dominant posture, and increased unjustified defense responses, ie, defensive behaviors that occur in response to non-offensive actions of opponents. These social deficits were abolished over the first week of cohabitation, when an overall decrease in aggression was observed in all groups as compared to the first hour of social cohabitation (Supplementary Figure S1 ). An analogous pattern of changes was observed in social cohesion as measured by huddling during sleep (Supplementary Figure S1 ). Huddling was very low in isolationreared rats on the first day, but gradually increased, and the difference between socially reared and isolation-reared groups disappeared after 1 week. The temporal pattern of huddling behavior showed a learning curve-like behavioral change, supporting the view that social learning took place, albeit a habituation-induced reduction of emotional responses can increase social interaction as well. Fluoxetine did not have significant influence on the effects of social cohabitation (Supplementary Figure S1) .
Thus, post-weaning social isolation resulted in social deficits, which were, however, only transient, and were readily abolished by social cohabitation, demonstrating that social learning did take place.
Social Learning Restores Post-Weaning Social Isolation-Induced Abnormal Aggression only When Combined with Fluoxetine
To investigate the impact of treatments on aggressiveness, rats reared in social isolation were submitted to a second resident-intruder test (Test 2). Treatments did affect aggression as compared to the first resident-intruder test (Test 1; bite counts: F(4,90) = 4.26; po0.01; vulnerable bites: F (4,90) = 3.13; po0.02), but their efficacies were markedly different (Figure 1b ). Re-socialization alone decreased the bite counts (repeated-measure ANOVA, interaction Test × re-socialization: F(1,48) = 9.18; po0.01), while the share of vulnerable bites was affected only in the group received the combined treatment (interaction fluoxetine × re-socialization: F(1,48) = 7.98; po0.01). Fluoxetine alone affected neither form of abnormal aggressive behavior investigated here. The combined treatment, thus, ameliorated all three measures of aggressiveness: bite counts (4.2 ± 0.7) and the share of vulnerable bites (14.1 ± 5.5%) were restored to the original levels of socially reared rats (shown on Figure 1a ; p40.05 for both parameters, two-tailed unpaired t-test), whereas the dominance of hard bites over skin pulls was reversed (Figure 1b ). This is in contrast to the effect of fluoxetine in socially reared and regrouped rats that lacked the social learning component of re-socialization, which was present in isolation-reared rats that had no social experience earlier; fluoxetine decreased bite counts (F(1,23) = 4.91; po0.05), but did not affect the share of vulnerable attacks (F(1,23) = 1.28; p40.05; Supplementary Figure S2 ).
The Combined Treatment of Post-Weaning Socially Isolated Rats Targets Bdnf Signaling in the IL Cortex
Post-weaning social isolation represses and the combined treatment restores Bdnf expression. Previous studies showed that behavioral effects of fluoxetine on neuronal plasticity are dependent of Bdnf-TrkB signaling (Castren and Rantamaki, 2010; Karpova et al, 2011) . To investigate the impact of post-weaning social isolation and treatments on Bdnf, we studied the expression of Bdnf transcripts 1 and 4 in the aggression neuronal circuitry (Supplementary Figure S3 ) at the end of treatment period. In the absence of treatment ('Isolation' group, Figure 2a ), post-weaning social isolation drastically reduced Bdnf levels in the IL cortex and MeA (both transcripts), and LH (Bdnf1; Figure 2b ). Figure 1 Behavioral effects of post-weaning social isolation and resocialization with or without fluoxetine treatment. (a) In the first residentintruder test (Test 1), isolation-reared rats bit opponents more frequently, and delivered more bites to vulnerable body parts of opponents (head, throat, and belly). Hard bites were more dominant over soft bites and skin pulls in isolation-reared rats as compared to socially reared rats. N = 40-80 rats/group. (b) In the second resident-intruder Test 2, the combined treatment reduced the number of bites delivered, and the share of bites aimed at vulnerable targets as compared with the Test 1. The dominance of hard bites over soft bites and skin pulls was reversed by the combined treatment Re-socialization+fluoxetine. More minor effects were observed with single treatments. N = 12-13 rats/group. Data are present as mean ± SEM. *po0.05 between socially reared and isolation-reared groups; # po0.05 between the attack types; ♦ po0.05 between the residentintruder Test 1 and Test 2; & po0.05 between the treatment groups.
Although fluoxetine upregulated Bdnf in the PrL cortex (Bdnf1 F(1,23) = 6.53, po0.05), MeA (Bdnf1 F(1,22) = 5.06, po0.05; Bdnf4 F(1,22) = 6.77, po0.05), LH (Bdnf1 F(1,23) = 9.63, po0.01), and CeA (Bdnf1 F(1,22) = 5.44, po0.05) of isolation-reared rats, this effect was independent of re-socialization (p40.05). These findings suggest that fluoxetine might affect neuronal plasticity in these regions but the changes observed had little impact on this behavior, as fluoxetine alone did not affect aggression. By contrast, both treatments together upregulated Bdnf transcripts 1 and 4 in the IL region of the mPFC (Bdnf1 re-socialization F(1,23) = 5.01, po0.05, fluoxetine F(1,23) = 22.36, po0.0001; Bdnf4 re-socialization F(1,23) = 4.24, p = 0.05, fluoxetine F(1,23) = 8.29, po0.01; Figure 2b ). More specifically, the Bdnf4 expression was controlled by significant interaction of the re-socialization and fluoxetine factors (F(1,23) = 5.78, po0.05). Expression of Bdnf transcripts 1 and 4 was not affected by fluoxetine treatment in socially reared rats (Supplementary Figure S4 ).
Fluoxetine shows epigenetic regulation of Bdnf4 expression.
Because DNA methylation at the activity-dependent Bdnf promoter p4 was consistently reported as a repressive regulatory mechanism for Bdnf4 transcription (Lubin et al, 2008; Onishchenko et al, 2008) , we investigated DNA methylation levels at Bdnf p4 in the IL cortex. Post-weaning social isolation did not influence the methylation of CpG island of the p4 promoter. However, we observed a significant negative correlation between Bdnf4 mRNA levels and p4 methylation in the fluoxetine-treated groups, but not in the vehicle groups (Figure 2c ). This suggests that individual fluoxetine-induced changes in promoter methylation are a permissive factor that potentiates the effects of re-socialization on Bdnf expression in the IL cortex.
TrkB-signaling in the IL cortex mediates the effect of combined treatment in rats reared in social isolation. As fluoxetine treatment combined with re-socialization particularly affected Bdnf expression in the IL cortex, we investigated whether signaling through the Bdnf receptor TrkB has a functional role in the rescuing effect of the combined treatment. First, we analyzed whether the TrkB expression in the mPFC was also altered by post-weaning social isolation or treatments. In the PrL cortex, neither postweaning social isolation, nor treatments altered the levels of the full-length TrkB.FL transcript and its major truncated Figure 2d ). In contrast, in the IL cortex, post-weaning social isolation upregulated TrkB.T1 levels and, thus, reduced the ratio TrkB.FL/T1 (Figure 2d ). Only the combined treatment restored these parameters to the levels found in socially reared rats; specifically, the TrkB. FL/T1 ratio was controlled by the interaction of the resocialization and fluoxetine factors (F(1,20) = 5.85, po0.05).
Because TrkB.T1 isoform can dimerize with the full-length TrkB receptor to inhibit its activation (Saarelainen et al, 2000) , we hypothesized that the beneficial effect of fluoxetine in rats reared in isolation and then re-socialized may implicate the activation of TrkB receptor. We stereotaxically targeted the IL cortex (Supplementary Figure S5) of (1) rats received re-socialization treatment with the activator of TrkB signaling DHF, and (2) rats received the combined treatment with the small-molecule TrkB antagonist, ANA-12, at the end of treatment (Figure 3 ). Next, we analyzed the critical parameter of abnormal aggression, the share of vulnerable attacks, in the second resident-intruder test Test 2. DHF mimicked the effect of fluoxetine in the combined treatment, whereas the inhibition of TrkB signaling by ANA-12 completely abolished the effect of the combined treatment on post-weaning social isolation-induced abnormal aggression (Figure 3b ). In addition, the level of aggressiveness showed a pattern toward reduction in both Re-socialization+DHF and Re-socialization+fluoxetine+ANA-12 groups (bite count − 14.43 ± 8.87, p40.1, and − 7.38 ± 5.77, p40.1, respectively; hard bites − 8.57 ± 4.23, p = 0.09, and − 5.00 ± 2.74, p40.1, respectively; the comparison between the resident-intruder Tests 1 and 2 by the two-tailed paired t-test).
Combined Treatment Induces Structural Remodeling of Aggression-Specific Network
Following the resident-intruder Test 2, the retrograde tracer Cholera toxin β was injected into the mPFC of rats (Figure 4a  and b) . Projection intensities and the density of PV interneurons surrounded by PNN, a marker of neuronal plasticity (Nowicka et al, 2009 ), were investigated after 1-week incubation. Out of the four major brain regions projecting to the mPFC from the limbic system, the combined treatment specifically increased the density of retrogradely labeled neurons in the CA1 area of the ventral hippocampus (interaction of the re-socialization and fluoxetine factors F(1,20) = 5.54, po0.05; Figure 4c -f and Supplementary Figure S6 ). The number of PV-PNN neurons also decreased specifically in the vHIP, consistent with the reopening of plastic changes in this brain area (Figure 4e and f). Although fluoxetine reduced PV-PNN both alone and in combination with re-socialization (ANOVA effect of fluoxetine F(1,20) = 7.10, po0.05), multiple regression analysis suggested that this fluoxetine-induced plasticity significantly contributed to the behavioral improvement only in the group receiving the combined treatment. Particularly, the share of vulnerable attacks interactively correlated with vHIP-mPFC projections and PV-PNN labeling in the vHIP (Multiple R = 0.569; F(2,31) = 4.15; po0.05). Moreover, the two neuroanatomical variables explained a substantial share of behavioral variation (adjusted R 2 = 0.324; variance explained: 32.4%; Figure 3d ). By contrast, PV-PNN labeling in the vHIP did not correlate with vulnerable attacks (R = 0.283; F(2,17) = 1.66; p40.05), whereas vHIP-mPFC projections did show a significant correlation (R = 0.421; F(2,17) = 4.74; po0.05), but the behavioral variation explained was substantially smaller (adjusted R 2 = 0.177; variance explained: 17.7%). The large share of behavioral variation explained by the two neuroanatomical changes observed in the ventral hippocampus suggest that this brain area is part of the mechanisms by which the combined treatment ameliorated aggression induced by post-weaning social isolation.
Taken together, these findings show that, similar to changes in aggression, neural plasticity was affected by an interaction between psychosocial and pharmacological treatments in the mPFC, an area of key importance in the top-down control of subcortical mechanisms of aggression (Siever, 2008) .
DISCUSSION
It was recently suggested that in the case of aggression problems, socially acceptable treatments should use pharmacological tools to enhance the effects of positive social experiences rather than to suppress symptoms (Dadds and Rhodes, 2008) . Here we show that the combination of social learning and fluoxetine, but neither treatment per se, abolishes abnormal aggression resulting from adverse early experiences. It appears that changes induced in the mPFC, particularly the IL, are relevant in this respect. Our findings in the amygdala and hypothalamus, which also have important roles in the control of aggression (Siegel et al, 2007) , show that fluoxetine affects neuronal plasticity in these regions as well; however, this had little impact on abnormal aggression, as fluoxetine alone did not affect this behavior. Our epigenetic findings, together with Bdnf-TrkB signaling, connectivity and PV-PNN data suggest that fluoxetine exerted its neuronal plasticity-enhancing effects through molecular and cellular alteration in the mPFC network.
The Effect of Re-Socialization on Post-Weaning Social Isolation-Induced Abnormal Aggression
Re-socialization may intuitively occur as an appropriate treatment of social deprivation; however, it failed to correct post-weaning social isolation-induced deficits in a number of behavioral paradigms including aggression, drug addiction, and social learning (Baarendse et al, 2014; Kercmar et al, 2011; Tulogdi et al, 2014) . A similar phenomenon was observed in humans, where social learning through psychotherapy modestly ameliorated violent behavior that frequently results from early adversities (Currie and Startup, 2012; Weiss et al, 2005) . Consistently, and in line with our Bdnf expression data, brain alterations induced by post-weaning social isolation, such as the ventral tegmental area synaptic properties, persist fully or partially when isolation rearing is followed by a period of re-socialization (Baarendse et al, 2013; Bledsoe et al, 2011; Pascual et al, 2006; Whitaker et al, 2013) . We suggest here that re-socialization was ineffective alone because neural plasticity was low in adult rats and social learning was unable to durably affect brain mechanisms underlying deviant forms of aggression. The expression of plasticity-related genes Bdnf and TrkB appears to be at least partially responsible for the observed social impairment. Particularly, post-weaning social isolation-induced changes in Bdnf and TrkB.FL/T1 expression profiles in the IL cortex were ameliorated by the combined treatment, whereas re-socialization had no effect alone. Indeed, activation of TrkB signaling by DHF mimicked the effects of fluoxetine, while TrkB inhibitor blocked the reduced aggression produced by combined fluoxetine and re-socialization in isolation-reared rats, suggesting a causal role of TrkB signaling in this process. However, social behavior in newly formed groups was normalized by re-socialization alone. As such, alterations in Bdnf or TrkB expression did not seem to affect social behavior in groups, but seemed to be linked to aggressiveness.
The Effect of Fluoxetine on Post-Weaning Social Isolation-Induced Abnormal Aggression
The inefficacy of fluoxetine alone in isolation-reared rats may be surprising, as fluoxetine treatment has been connected with reduced aggressiveness (Fuller, 1996) . In line with these earlier findings, fluoxetine reduced aggression in socially reared rats, albeit modestly. However, a meta-analysis revealed that its effects on rodent aggression depend on a variety of factors; particularly weak effects were obtained in Wistar rats submitted to social isolation (Carrillo et al, 2009 ). Fluoxetine failed to ameliorate aggressiveness in an intermittent explosive disorder (Coccaro et al, 2015) , which often results from early social neglect, and for which post-weaning social isolation may serve as a model Toth et al, 2011) . In line with behavioral inefficacy, fluoxetine alone failed to restore Bdnf signaling deficits in the mPFC-the highest-order controlling structure of aggression (Siever, 2008) -and also failed to influence mPFC connectivity that appear necessary for the reduction in aggression as shown by Multiple Regression analysis, albeit it affected aspects of neuronal plasticity in other brain regions.
Fluoxetine and Bdnf Promoter Methylation
In studies investigating monocular deprivation (Maya Vetencourt et al, 2008) and learned fear extinction (Karpova et al, 2011) , the favorable role of fluoxetine was attributed to its effects on various aspects of neuronal plasticity including Bdnf gene expression profiles and PV-PNN expression. Our DNA methylation analysis provides novel insight into the plasticity-related effects of fluoxetine. We suggest that chronic fluoxetine enhanced Bdnf4 transcription via decreased DNA methylation at the Bdnf promoter p4. The epigenetic mechanisms of Bdnf expression, and especially Bdnf4 exon, have widely implicated the histone-modifying machinery as a key regulator of antidepressant-dependent Bdnf transcription (Karpova, 2014) . However, so far, the role of DNA methylation in antidepressant effects was poorly investigated. Two studies reported that fluoxetine treatment, either acute (Sales and Joca, 2016) or chronic during pregnancy and lactation (Toffoli et al, 2014) , resulted in decreased global DNA methylation, although no correlation analysis between the levels of DNA methylation and gene expression in the same tissue sample was performed. Furthermore, different environmental events may target distinct CpG sites at gene promoters. The 6 weeks of chronic ultramild stress exposure especially induced CpG site #2 near the CREB-binding site at the promoter for the glial cell-derived neurotrophic factor Gdnf, rendering Gdnf expression dependent on CREB function (Uchida et al, 2011) . The methylation level at the CpG-87, within the PasRE element in Bdnf p4 island that we studied here, could serve as predictive marker for antidepressant response in depressive patients (Tadic et al, 2014) , although the molecular mechanism of that observation is not known. The PasRE element is a binding site for Npas4 factor critically involved in fluoxetine-induced neuronal plasticity (Maya-Vetencourt et al, 2012) and Bdnf control (Pruunsild et al, 2011) . A 4-week-long post-weaning social isolation in mice downregulates Npas4 expression (Ibi et al, 2008) . Moreover, the Npas4 deficiency specifically during adolescence impairs the normal maturation pattern of prefrontal inhibitory circuits by regulating the parvalbumin neurons and the activity-dependent Bdnf expression in mice (Shepard et al, 2017) . It is thus reasonable to suggest that fluoxetine, via an Npas4-binding site methylation, might act at rescuing the developmentally induced impairment of the mPFC inhibitory circuits' maturation. Further studies should investigate the potential role of Npas4 in the development of abnormal aggression.
The Role of the mPFC in the Control of Escalated Aggression
The mPFC is a critical site of aggression control (Siegel et al, 2007) , and several lines of evidence suggest that dysfunctions in this area promote unrestricted-abnormal-aggression in both animals and humans (Blair, 2015; Marquez et al, 2013; Takahashi et al, 2014) . Recent evidence from other areas of behavioral research suggests that the general role of mPFC can be broken down into separate roles played by its subregions. For instance, top-down control of anxiety is exerted by the IL cortex but not by the PrL cortex (Adhikari et al, 2015) . Our findings on Bdnf-TrkB signaling suggest a similarly distinct role for the IL cortex in the ameliorative effects of the combined treatment. Previous findings implicate BDNF production in the mPFC and hippocampus in aggression-related behavior (Maynard et al, 2016) , but the hippocampal connections to the mPFC have received little attention so far. The ventral hippocampus shows robust neural activation during emotionally salient challenges (Beck and Fibiger, 1995) and it is highly connected to the limbic system with robust inputs to the prefrontal cortex (Jay and Witter, 1991) . Moreover, an in vivo electrophysiological study revealed that the ventral-hippocampal and prefrontocortical theta oscillations were highly correlated (Adhikari et al, 2011) . It is intriguing to examine whether hippocampal projections to the IL and PrL cortices have a distinct role in the regulation of aggressive behaviors.
We suggest that the enhancement of hippocampal projection to the mPFC can disrupt aggressive behaviors in a similar manner as it disrupts the processing of fear expression (Sotres-Bayon et al, 2012): through competition for target innervation, which is dependent on Bdnf expression in the IL cortex (Rosas-Vidal et al, 2014) . This is supported by recent findings that show that the ventral hippocampus conveys spatial information to the mPFC (Spellman et al, 2015) , where it would compete against other limbic inputs such as the basolateral amygdala (Senn et al, 2014) . During the critical period, these different inputs would compete for target innervation resulting in a specific long-lasting mPFC network configuration (Guirado et al, 2016) . During adulthood, in the absence of high levels of plasticity, we hypothesize that changes in the intensity of their inputs would only produce transient behavioral changes-not only related to aggression, but also to fear expression or depressive-related behavior. In this line, optogenetic and chemogenetic stimulation of this projection during adulthood is sufficient to produce a rapid antidepressant-like response (Carreno et al, 2016) .
Perspectives
Escalated human aggression, which is believed to result from early adverse experiences (Fanning et al, 2014) , shows multiple similarities with the behavior of isolation-reared rats (Haller and Kruk, 2006) . In addition to those reviewed earlier, present findings reveal further similarities between the model and the modeled phenomenon. Although aggressiveness markedly increased in isolation-reared rats when they were challenged by an intruder in their home-cage, the very same rats were rather timid when they encountered several partners in an unfamiliar arena, suggesting the emergence of a social anxiety-like response. This mirrors the human case, where emotional aggression is also associated with social deficits and is characterized by a contextdependent expression of both aggression and anxiety (Kessler et al, 2006; Keyes et al, 2016) . On the basis of multiple similarities between the behavior of isolation-reared rats and developmentally induced aggression in humans, and considering that re-socialization models important aspects of behavioral therapy (Miczek et al, 2013) , we suggest that re-opening neuronal plasticity by fluoxetine can increase the efficacy of psychotherapeutic interventions in developmentally induced aggression problems. 
FUNDING AND DISCLOSURE
